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Earthquakes can cause severe deformations in structures. 
In extreme cases, these deformations cause collapse, resulting in 
loss of life and major property damage. To minimize the hazards to 
life and property, structural design for seismic loading is based on 
the dual requirements that structures withstand moderate earthquakes 
without damage and major earthquakes without collapse. 
Designing a structure to respond elastically during an 
earthquake is costly and may not be feasible. Hence, inelastic 
deformations must be accommodated in the design of most structures 
for seismic loading. Ductile behavior and the ability of the struc-
ture to dissipate energy in the inelastic range are, thus, very im-
portant. Failures of structural members subjected to earthquake 
loading have been due to a number of factors, including loss of an-
chorage of the main reinforcement, compressive failure of the con-
crete, and shear failure of the concrete (25,27,28), Structural 
members with adequate shear capacity under static loading have 
failed in shear when subjected to cyclic loading during major earth-
quakes. This reduces the ductility and energy dissipation 
capabilities of the structure. 
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Cyclic shear failure may be prevented or delayed in 
several ways. Designing structural members for low shear stress has 
been considered to be one of the best ways to achieve this goal and 
also improve the energy dissipation capacity of the member 
(4,5,12,18). Research indicates that reducing the shear stress im-
proves the ability of a member to withstand inelastic cyclic loading 




codes (3,30) permit the use of reinforcement ratios as low 
percent for both negative and positive reinforcement, 
experimental research has been limited to reinforcement 
ratios in excess of one percent and close to the maximum allowable 
values. Increased shear reinforcement, including increases in total 
steel and reduced stirrup spacing, has been advocated based on the 
results of these tests. 
These recommendations, which are sometimes complicated and 
expensive to execute, may not be necessary for structures with the 
low amounts of flexural reinforcement permitted by present building 
codes (3,30). Although reducing the flexural reinforcement ratio, 
p, has been recommended to improve the behavior of flexural members 
under cyclic loading, very little is known about the cyclic behavior 
of reinforced concrete beams with low amounts of flexural reinforce-
ment. A better understanding of the cyclic shear behavior of rein-
forced concrete beams with low amounts of flexural reinforcement is 
needed. This knowledge will contribute to improved procedures in 
the design and construction of reinforced concrete structures sub-
ject to seismic loading. 
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1.2 Previous ~ 
Early experimental work on the behavior of reinforced con-
crete beams subjected to repeated, unidirectional loading showed 
that reinforced concrete flexural members do not suffer stiffness 
degradation as a result of repeated loading (9,18,22). However, 
reinforced concrete members under complete load reversals, or cyclic 
loading, have been found to undergo marked degradation in stiffness 
and strength (4,5,7,8,12,13,14,16,18,20,21,23,24,29,31,32). 
Previous experimental work on the behavior of reinforced concrete 
members subject to cyclic loading has been limited to flexural rein-
forcement ratios in excess of one percent. 
Brown and Jirsa (7,8) used reinforcement ratios of 1.5 and 
2.6 percent, with equal amounts of top and bottom steel, to in-
vestigate the behavior of doubly-reinforced concrete beams subjected 
to load reversals. Large displacement excursions of five and ten 
times the yield displacement were imposed on the beams. From the 
results of these tests, they concluded that performance increased 
with decreased flexural reinforcement ratio, decreased stirrup 
spacing, and increased shear-span. A reduction in the reinforcement 
ratio and an increase in the shear-span both result in a lower shear 
stress. 
Wight and Sozen (31,32) tested twelve reinforced concrete 
column specimens under cyclic loading. The specimens represented a 
column between the points of contraflexure below and above a story 
level and had a flexural reinforcement ratio of 2.4 percent. They 
observed that for specimens without axial loads, the shear-carrying 
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mechanism changed when deflections were imposed that were larger 
than the deflection at which longitudinal splitting cracks first oc-
curred in the compressed concrete. As the applied deflection was 
increased beyond the deflection at first splitting, the formation of 
spalling cracks and the degradation of the core reduced the shear 
capacity of the concrete until virtually all of the applied shear 
was carried by the stirrups. This led Wight and Sozen to recommend 
that the maximum displacement ductility factor,~· a member might 
experience, defined as the ratio of maximum displacement to 
displacement at first yield, be considered in the design of shear 
reinforcement for reinforced concrete members proportioned for cy-
clic loading. They also recommended that the shear capacity of a 
member be based on the shear capacity of the confined core only and 
that for members with no axial load• the contribution of the con-
crete to shear strength should be ignored. 
Bertero, Popov et al. (4,5,18,21) tested a series of beams 
with reinforcement ratios of 1.4 and 1.58 percent. To avoid exces-
sive damage and severe degradation, the researchers recommended a 
limitation on the shear stress that may be developed within the 
critical region of a member subjected to severe cyclic loading. 
They also recommended that the ratio of positive to negative rein-
forcement be increased above the 50% allowed by the then current ACI 
Building Code, ACI 318-71 (1), This change has yet to be adopted 
(3) • 
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Scribner and Wight (23,24) studied the effect of inter-
mediate longitudinal reinforcement in preventing shear strength and 
stiffness deterioration in reinforced concrete flexural members sub-
jected to cyclic loading. A total of twelve beams were tested, with 
reinforcement ratios varying from 1.27 percent to 2.62 percent. 
Maximum shear stresses ranged from 2~ to about 6.2~. Scribner 
and Wight observed that the respon~e of the beams depended on the 
maximum shear stress. Beams with high shear stresses responded 
primarily in shear, while beams with maximum shear stresses below 
3~ responded in flexure• with little tendency to develop sig-
nificant planes of shear slippage. The inclusion of intermediate 
longitudinal reinforcement was most beneficial in beams with max-
imum shear stresses between 3~ and 6~. 
A more recent study by Hwang and Scribner (13,14) of the 
effect of beam tip displacement history variations on the cyclic 
response of flexural members, involved tests of eleven beams, with 
reinforcement ratios of 1.65 and 2.34 percent. Maximum shear 
stresses ranged from 3~ to 7.4~, and the imposed tip displace-
ments corresponded to two and four percent of the shear span. The 
performance of the beams depended strongly on the maximum imposed 
displacements. Strength and stiffness degradation were found to be 
functions of applied shear stress and maximum displacement. 
The behavior of reinforced concrete members subjected to 
cyclic loading strongly depends on the load history used during the 
tests (5,12,13,14,18,29,31,32). However, there has been a lack of 
agreement as to what load history to use to evaluate and compare 
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member response. Since each investigator has used a different load 
history, it is difficult to compare the test results obtained by 
various researchers or to use these results to determine transverse 
reinforcement requirements for reinforced concrete members subjected 
to cyclic loading. In an attempt to make comparisons between 
members subjected to widely varying load histories, Gosain, Brown, 
and Jirsa (12) proposed the "work index" as a measure of the energy 
absorption capability within the hinging zone, defined as: 
in which p = n 
p = y 
t. = n 
t.y = 
Iw = l: P t. /P t. n n y y 






The summation is carried over cycles in which P >0.75P • 
n- Y 
Only beams in which flexural yield occurred were con-
sidered. Thus, the ratio of Pn/Py during the first cycle was 
greater than or equal to one. Also, since only cycles in which 
Pn/Py was greater than or equal to 0.75 were used in the study, the 
ratio Pn/Py was most likely to be in the range of about 0.75-1.25 
and was approximated as being equal to one. The ratio t.n/t.y in each 
cycle was determined from the load-deflection curves and the "work 
indices" were calculated on the assumption that the shape of the 
load-deflection curve remained about the same for each cycle. 
However, examination of the load-deflection curves for most of the 
specimens showed that the shear-span and the magnitude of the axial 
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load applied to a specimen had a significant effect on member 
response. Hence, modifications were made to account for the in-
fluence of axial compression, N, and shear-span, a, on member 
response. These modifications were also introduced in an attempt to 
reduce the scatter of the data used in the investigation. The 
resulting expression for the "modified work index" was 
in which d = overall stirrup depth c 
Acore = area of the core 
<1.2) 
From studies of the measured ultimate shear stresses and 
modified work indices of sixty-five reinforced concrete members sub-
jected to cyclic loading, Gosain et al. recommended that to achieve 
adequate performance and energy dissipation in reinforced concrete 
members under inelastic deformation, the ultimate shear stress on 
the core should not exceed 6 to 7~, provided that the axial com-
pressive stress does not exceed 1500 psi, and the transverse rein-
forcement should be designed to carry the maximum shear imposed on 
the section. To prevent the buckling of the longitudinal reinforce-
ment> the researchers also recommended that stirrup spacing should 
not exceed six longitudinal bar diameters. 
In addition to Gosain et al. (12), other researchers 
(5,18,19,20,21,31,32) have also recommended that stirrups in rein-
forced concrete members subjected to cyclic loading be designed to 
carry the maximum shear expected, and that the contribution of the 
concrete be neglected. These researchers have also advocated a 
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decrease in stirrup spacing within the hinging zone to improve con-
finement of the core and to prevent buckling of the flexural rein-
forcement. The use of closely spaced stirrups, however, can make 
concrete placement and consolidation more difficult and may prevent 
a design from being properly executed. 
1.3 Obiect And~ 
The primary objective of this investigation is to study 
the behavior of hinging regions in reinforced concrete beams with 
low amounts of flexural reinforcement subjected to cyclic loading. 
Seven beam-column subassemblages were tested. The primary variables 
were the reinforcement ratio, P• the ratio of negative to positive 
reinforcement, A~/As' the 
and the stirrup spacing, s. 
amount of transverse reinforcement, vs' 
The results are compared with the 
results obtained for more heavily reinforced sections. An improved 
energy index is proposed to evaluate the performance of reinforced 
concrete beams subjected to cyclic loading and recommendations are 





The main objective of this investigation is to study the 
cyclic behavior of reinforced concrete beams with low amounts of 
flexural reinforcement. 
The specimens, all cantilevers, represent a beam as it 
frames into a column (fig. 2.1). Positive anchorage of the beam 
flexural steel within the column was used in the tests to isolate 
beam behavior .• independent of anchorage failure. The specimens were 
cast and tested in the vertical position, as in an actual structure. 
Large displacements, on the order of five times the yield displace-
ment, were imposed on the beams to simulate the forces and displace-
ments that a beam-column connection might experience in a severe 
earthquake. 
Downward shears and displacements were considered positive 
(fig. 2.1). 
2.2 ~ Specimens 
Seven cantilever beams with 7.5 x 18 in. cross-sections 
were tested. Top reinforcement for the beams consisted of either 
four or six #4 deformed bars. Bottom reinforcement equaled one-half 
the top reinforcement, except for beam f-6 in which the bottom steel 
was three-fourths of the top steel. The flexural reinforcement 
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ratio, P• was either 0.69 or 1.03 percent, and represented the lower 
range of reinforcement ratios permitted by the ACI Building Code 
(1,2,3) and the Uniform Building Code (30). The positive to nega-
tive steel ratio of 0.5 in six of the beams tested, also represented 
the minimum ratio permitted by the codes (1,2,3,30). Each beam had 
a shear-span of 60 inches and a shear-span to depth ratio, a/d, of 
about 3.9. A summary of beam and reinforcement properties is 
presented in Table 2.1. 
Shear reinforcement for the beams consisted of annealed 
wire stirrups. The nominal shear stress provided by the stirrups, 
vs <=A f /bsl, varied between 121 and 161 psi. The total shear v vy 
capacity of each beam, Vn' was satisfactory to insure a flexural 
failure under monotonic loading. The value of shear resisted by the 
stirrups alone, Vs' however, varied both above and below the maximum 
shear imposed on the beam. Calculated and measured shear forces and 
stresses are tabulated in Table 2.2. The nominal shear stresses 
were computed in accordance with the provisions of ACI 318 (1,2,3). 
The maximum stirrup spacing was d/4, and the first stirrup was 
placed one inch from the column face. 
2.3 Materials ~ Fabrication 
Concrete, with 3/4 in. nominal maximum size aggregate, was 
obtained from a local ready-mix plant. The mix proportions by 
weight for cement, fine and coarse aggregate, were 1.0:2.88:2.88 for 
all beams. Type I cement was used. For each beam, ten 6 x 12 in. 
cylinders and two 6 x 6 x 22 in. flexural specimens were prepared. 
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Cylinders were tested on the third and seventh days after casting to 
monitor the concrete strength. The remaining cylinders and the 
flexural specimens were tested after beam failure. A summary of 
concrete properties is presented in Table 2.3. 
The flexural reinforcement for the beams consisted of #4 
ASTM A 615 Grade 60 deformed bars. A typical stress-strain curve is 
shown in Fig. 2.2. The longitudinal reinforcement for the column-
stub consisted of four #6 and four #8 deformed bars (Fig. 2.1). 
Column ties were made from #3 deformed bars. The beam longitudinal 
reinforcement was welded to a 3/4 x 8 x 18 in. plate which was 
firmly wired to the column reinforcement. This procedure was taken 
to limit slip and prevent anchorage failure. 
The annealed wires for the shear reinforcement were 
preyielded, bent and welded into closed stirrups. The wires, 0.179 
and 0.3 in. in diameter, were delivered in coils. 50 in. long 
pieces were cut from the coils, straightened in a roller, and 
preyielded to eliminate residual stresses and to obtain a well 
defined yield point. Due to strain aging, specimens of the wire 
were tested after failure of the beam to obtain the actual yield 
load of the stirrups. Typical stress-strain curves for the wires 
are shown in Fig. 2.3. The yield stresses of the #4 bars ~d the 
wires are presented in Table 2.1. 
The formwork was built from 3/4 in. BB-plyform ~d as-
sembled using all-thread rods. The forms were used for all seven 
beams and were maintained by cleaning and coating with polyurethane 
after each casting. Prior to casting, form release was applied to 
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the surface of the forms to facilitate stripping. The beams were 
stripped at a concrete strength of about 3000 psi. At a concrete 
strength of 3500 psi, the test specimens were prestressed to a "per-
manent" column-stub (Fig. 2.ll with a force of 160 kips and moved 
into position under the testing frame (Fig. 2.4(al and 2.4(b)). The 
"permanent" column-stub, had the same dimensions and reinforcement 
as the column-stub that was cast monolithically with each beam. The 
two column-stubs were then prestressed to the structural floor using 
a system of four !-sections and four 1.5 in. load rods. A total 
prestress force of 200 kips was applied to the column-stubs to 
minimize the rigid body rotation of the test specimen (Fig. 2.5). 
2.4 Instrumentation 
Micromeasurements EA-06-031DE-120 electrical resistance 
strain gages were bonded to the longitudinal reinforcement and to 
stirrups placed within a distance equal to the beam depth from the 
column face. At the points where strain gages were bonded to the 
longitudinal reinforcement, a small area of about 1/4 x 1 in. was 
filed off to remove the deformations and surface scale, and to 
provide a flat surface for the gage. This procedure was not re-
quired for the stirrups which were made from annealed wire. The 
surface of the steel was cleaned with Micromeasurements M-Prep Con-
ditioner A and M-Prep Neutralizer 5, and the gages bonded with 
M-Bond 200 adhesive after application of M-Bond 200 catalyst. The 
gages were then coated with M-Coat O, for insulation, and water-
proofed with a coating of M-Coat G. The M-Coat G coating also 
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protected the gages from abrasion during casting of the specimen. 
The location of strain gages was similar in all specimens, as shown 
in Fig. 2.6. 
A total of ten linear variable displacement transducers, 
or LVDTs, were used. Load point deflection was measured with a 
Schaevitz 5000 DC-D LVDT, with a total range of ten inches. The 
core rod of this LVDT was extended and pivoted to a frame indepen-
dent of the beam to minimize rotation of the core rod when the beam 
grew longitudinally. Two pairs of diagonally crossing LVDTs were 
used to measure shear deformations over two regions, each approx-
imately equal to the beam effective depth, adjacent to the column 
face (fig. 2.7(a)). Other LVDTs were used to measure flexural 
deformation of the beam relative to the column-stub (Fig. 2.7(b)), 
rigid body movement of the column-stub relative to the floor, and 
beam deflection at a distance of 18 inches from the column face. 
A micrometer dial gage was used to measure the 
longitudinal growth of the beam. The locations of the LVDTs and the 
dial gage are shown in Fig. 2.7(c). The applied load was measured 
by a load cell fixed to the loading ram of the actuator. 
2.5 ~ Procedure 
Prior to testing, the specimen was white-washed and the 
stirrup and flexural reinforcement positions were shown on the side 
of the beam where the cracks were to be marked. 
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Load was applied by a 110 kip MTS servo-hydraulic actuator 
under displacement control. The actuator was fixed to a steel frame 
prestressed to the structural floor of the laboratory (Fig. 2.4(a)). 
After a mini-cycle in which a preload of 1 kip was applied 
to check the instrumentation, the beam was loaded continuously until 
the longitudinal reinforcement yielded. In the first test, the beam 
was unloaded immediately after the longitudinal reinforcement 
reached the calculated yield strain, but due to the use of an incor-
rect value of yield strain, the beam was unloaded before the 
longitudinal reinforcement actually yielded, and this resulted in 
the use of an incorrect yield deflection in calculating the deflec-
tion amplitude for the cyclic stage. To eliminate this error from 
occurring in other tests, loading was continued slightly beyond the 
yield point to insure complete yielding before the beam was un-
loaded. The yield deflection was then obtained from a continuous 
plot of load versus load-point deflection on an X-Y recorder. 
Loading was resumed with the beam being cycled at four to five times 
the yield deflection. This type of loading has been shown to be a 
more severe condition than gradually increasing deflection am-
plitudes <18>. A typical loading schedule is shown in Fig. 2.8. 
The deflection amplitude used for beam F-1 was 3.9 times 
the true yield deflection. The corresponding values for beams F-2 
and F-3 were 5.1 and 4.4 times their respective yield deflections. 
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The criteria for selecting the deflection amplitude used 
for beams F-4 through F-7 were either the yield deflection times the 
displacement ductility factor.~· of beam F-3, which was 4.4. or the 
deflection amplitude used for beam F-3, whichever was greater. This 
was to insure that beams F-4 to F-7 had a displacement ductility 
factor of at least 4.4. Each of these beams, however, had a lower 
yield deflection than beam F-3, and as such, the deflection am-
plitude used in beam F-3 governed and was selected as the deflection 
amplitude used for beams F-4 through F-7. The actual displacement 
ductility factors and other principal results are given in Table 
2.4. 
Instrumentation readings were taken at points which were 
selected to best describe the continuous load-deflection plot on the 
X-Y recorder. At each data point, loading was temporarily halted. 
Typically, twenty readings were taken during each complete cycle. 
Each cycle took about twenty minutes. After six cycles, the loading 
rate was increased and the time taken to complete a cycle decreased 
to about ten minutes. 
Cracks were marked continuously up to the end of the first 
inelastic cycle. Thereafter, cracks were marked at the end of each 
cycle and photographed. 
Two criteria were used to independently define failure of 
a beam: (il when the peak load in a cycle dropped below 50% of the 
initial yield load, Py' or (iil upon fracture of the bottom rein-
forcing bars. In all but one of the beams, the second criterion 
controlled. 
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2.6 ~ Results 
Several pieces of data were recorded in each test. 
However, only the principal experimental results are given in Table 
2.4. These include the yield load, maximum load, yield deflection, 
maximum deflection, displacement ductility factor, and growth of 
each beam. 
The load-deflection curves for all seven beams are 
presented in Fig. 2.9(a) through 2.9(gJ. These curves represent the 
most important data recorded in each test and are an indication of 
the rate of stiffness and strength decay in each beam. For example, 
the difference in behavior between beams F-2 and F-4 can be seen by 
comparing the load-deflection curves for the two beams (fig. 2.9(b) 
and 2.9(d), respectively). Beam F-2 suffered severe degradation, 
indicated by the rapid drop in load with each cycle (Fig. 2.9(b)). 
By contrast, the degradation of beam F-4 was gradual, as shown by 
the closeness of the load-deflection curves for this beam (Fig. 
2.9(dll. The area enclosed by the curves represents the energy dis-
sipated, a measure by which the performance of each beam can be 
evaluated. 
The relationships between applied load and hinging zone 
shear deformation are presented in Fig. 2.10(a) through 2.10(n). 
Plots of applied load versus flexural rotation are presented in Fig. 
2.ll(al through 2.ll(g). 
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As a result of their relatively low yield strengths, the 
yield strains of the wire stirrups were exceeded in most cases. A 
typical load versus stirrup strain plot is shown in Fig. 2.12. An-
chorage behavior was very stable due to the precautions taken to 
prevent anchorage failure. The strains in the beam longitudinal 
reinforcement within the anchorage zone were low and in no instance 
was the yield strain of the #4 deformed bars exceeded. The strains 
in the longitudinal reinforcement within the anchorage zone were ob-
tained from strain gages #5 and #6 (fig. 2.5), and typical plots 
from these gages are shown in Fig. 2.13(a) and 2.13(b), respec-
tively. 
2.7 Specimen Behayjor 
2.7.1 General 
All of the beams developed intersecting vertical and in-
clined cracks, as well as cracks at the column face. The cracking 
patterns varied, but all major cracks usually formed by the end of 
the first inelastic cycle. 
Cracking started with the formation of short vertical 
cracks. As the applied load increased, inclined cracks extended out 
from these vertical cracks and penetrated deeper into the section. 
The formation of cracks when the direction of loading was reversed 
was similar. 
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Short longitudinal cracks, 
along the level of the flexural 
or splitting cracks, formed 
reinforcement, the extent of 
cracking being greater within a distance d/2 from the column face. 
The splitting cracks developed into spalling cracks and led to 
spalling of concrete in compression within this region and the even-
tual loss of cover. Since the ratio of bottom to top steel areas 
was 0.5 in six beams and 0.75 in one, spalling and crushing of the 
concrete occurred only at the bottom of the beams. However, minor 
crushing of the top concrete occurred in all the beams at the column 
face. By the end of the first inelastic cycle, each beam had 
developed a vertical crack through the entire section at the column 
face. 
Deterioration in the form of grinding and crushing of the 
concrete adjacent to the cracks was limited to major cracks that 
formed within the hinging zone. Cracks formed between the hinging 
zone and the load point, usually by the end of the second inelastic 
cycle, and remained stable throughout the tests. Cracking within 
the column-stub varied from beam to beam, but was relatively light 
and virtually no damage occurred. 
Buckling of the bottom bars occurred in all of the beams, 
and eventually resulted in the fracture of the bars, except in beam 
F-5. Buckling of the bottom bars was dependent on the extent of 
spalling of the bottom cover and occurred during different cycles in 
different beams. The extent and rate of deterioration of the 
hinging zone also varied, and was dependent upon the reinforcement 
ratio, the stirrup spacing, and the amount of shear reinforcement. 
A summary of the individual member behavior is presented below. 
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2.7.2 aaamf-l (p=l.03%, A~/As=O.S, s=3.8 in., 
vs/vm=o.so, vm!¥fi=3.0l, ~=3.9) 
This beam was inadvertently loaded in the upward direction 
prior to testing and developed four vertical cracks within the 
hinging zone. These cracks extended about two-thirds the depth of 
the beam into the section. As a result, the beam developed only 92% 
of its expected yield load and had a higher than expected yield 
displacement. Cracks were evenly distributed; cracks that formed 
during upward loading had a larger spacing than those that formed 
during downward loading (Fig. 2.14(all. Spalling of the compressed 
concrete started during the first cycle, and by the third cycle, the 
cover had spalled off, completely exposing the bottom bars. 
The bottom bars buckled in the fourth cycle between the 
second and third stirrups, and in the fifth cycle, one of the three 
bars fractured. Though the test was over, the beam was subjected to 
an additional cycle, and as expected, the two remaining bars also 
fractured (Fig.2.14(b)). The concrete crushed within a distance of 
d/2 from the column face, extending about 0.4d into the cross-
section. The beam survived five and a half cycles of inelastic 
loading (Fig. 2.9(all. 
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2.7.3 aaam E-Z (p=1.02%, A~/As=O.S, s=3.8 in., 
vs/vm=0.78, vm/~=3.31, ~=5.1) 
This beam was similar to beam F-1, except that it had less 
cover and thus, a larger core, and was subjected to a higher 
displacement ductility factor. Deterioration was rapid and the beam 
survived only four cycles of inelastic loading, the least of all of 
the beams tested (fig. 2.9{b)), Extensive spalling of the bottom 
concrete occurred during the first quarter cycle of inelastic 
loading. The concrete cover came off early in the second cycle and 
led to buckling of the bottom bars in the same cycle. 
As in beam F-1, buckling occurred between the second and 
third stirrups (Fig. 2.15{a)), However, buckling of the middle bar 
was so severe that the second and third stirrups were severely 
distorted, as shown in Fig. 2.15(b). Also, the outside bars buckled 
inward moving laterally along the second and third stirrups. Some 
of the tie wires used in building the reinforcement cage were broken 
in the third cycle. The middle bar fractured in the fourth cycle. 
Continued loading fractured another bar and the test was stopped. 
Crushing of the bottom concrete was again limited to a distance of 
d/2 from the column face. Extensive deterioration was observed 
along a flexure-shear crack that formed within the hinging zone. 
The maximum crack width was about 1/4 inch. 
In addition to the cracks at the column face, a vertical 
crack also developed about three inches into the column-stub paral-
lel to the column longitudinal reinforcement. However. no spalling 
of the column concrete occurred. 
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As a result of the extensive spalling that occurred, an 
all-thread rod within the hinging zone, to which one of the diagonal 
LVDTs was attached, loosened and further measurement of shear 
distortion was not possible. The appearance of the beam at the end 
of the test is shown in Fig. 2.15(c}. 
2.7.4 ~ E-~ <p=0.69%, A~/As=o.s, s=3.8 in., 
vs/vm=l.lS, vm/~=2.22, ~=4.4) 
This beam was similar to beam F-2, except that the rein-
forcement ratio was reduced from 1.02% to 0.69%, Cracks were 
uniformly distributed and deterioration was observed along two major 
cracks within the hinging zone. Moderate spalling occurred in the 
first cycle through the second cycle. Partial loss of cover oc-
curred in the third and fourth cycles, leading to buckling of the 
bottom bars in the fourth cycle. However, fracture did not occur 
until the sixth cycle. Deterioration within the hinging zone was 
not uniform. Crushing of the concrete extended to a distance of 
about d/2 from the column face on one side of the beam, but only to 
a distance of about d/3 on the other side (fig. 2.16(a) and 
2.16(bll. Also, crushing of the concrete was not as extensive as in 
the first two beams and did not penetrate as deep into the section, 
as can be seen from the photograph of the beam at the end of the 
test (fig. 2.16(c)), 
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2.7.5 ~E-~ (p=0.69%, A~/As=o.s, s=1.6 in., 
vs/vm=1.16, vm/~=2.14, p=5.1) 
Beam f-4 had the smallest stirrup spacing of all the beams 
tested. Extensive cracking occurred within the hinging zone and 
most of the cracks that formed were concentrated at the level of the 
longitudinal reinforcement. Outside the hinging zone, the crack 
spacing was larger and portions of the core were left uncracked 
(fig. 2.17). 
cur red. 
Prior to the fourth cycle, only minor spalling had oc-
As in beam f-3, spalling was not uniform on both sides of 
the beam and by the fifth cycle, partial spalling of the cover had 
occurred on only one side. Ultimately, spalling on that side of the 
beam was greater than on the other. Major spalling started in the 
eighth cycle, and in the ninth cycle, the cover at the bottom of the 
beam close to the column face spalled off completely, exposing the 
bottom bars. However, buckling did not occur until the eleventh 
cycle, leading to fracture in the twelveth cycle. The bottom bars 
buckled between the first and second stirrups. Some deterioration 
was observed along three of the cracks in the hinging zone. 
2.7.6 ~ E-~ (p=0.69%, A~/As=O.S, s=2.1 in., 
vs/vm=0.87, vm/~=2.16, ~=4.6) 
Though this beam had a slightly wider stirrup spacing than 
beam f-4 and only 74% of the shear steel in beam f-3, it survived 
twelve cycles of inelastic loading (fig. 2.9(e)) without fracture of 
the bottom bars. The distribution of cracks was uniform and similar 
to that of beam F-4, but the cracks were spaced wider within the 
hinging zone (fig. 2.18(all. Two major cracks formed within a 
distance d/2 from the column face, spaced about 5.5 in. from each 
other. The concrete core between these two cracks was uncracked. 
Major deterioration due to sliding was observed along these two 
cracks within the hinging zone, starting as early as the fifth cycle 
(fig. 2.18(bll. One bottom bar was partially exposed in the sixth 
cycle, and in the ninth cycle, the cover came off completely. The 
bottom bars buckled in the tenth cycle, the buckled shape extending 
over the first three stirrups. Buckling was not as severe as in the 
other beams. 
2.7.7 ~ E-~ (p=0.69%, A~/As=0.75, s=3.8 in., 
vs/vm=l.l5, vm/~=2.20, ~=5.3) 
This beam was similar to beam F-3, except that it had an 
extra #4 bar at the bottom, which increased A~/As to 0.75. As in 
beam F-3, spalling started in the first cycle of inelastic loading, 
and a partial loss of cover occurred in the fifth cycle. Buckling 
of the bottom bars occurred during the sixth cycle, although the 
concrete cover was not lost completely until the seventh cycle. One 
bottom bar fractured in the eighth cycle and another in the ninth 
cycle. Extensive deterioration occurred along two cracks within the 
hinging zone (fig. 2.19(all. The appearance of the beam at the end 
of the test is shown in Fig. 2.19(bl. 
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2.7.8 ~ f-l <p=0.69%, A~/As=0.5, s=3.8 in., 
v
5
/vm=0.95, vm/~=2.22, ~=5.1) 
This beam differed from beam F-3 only in the amount and 
type of shear reinforcement provided <vs=l33 psi versus 160 psi for 
beam F-3). Shear reinforcement for this beam consisted of double-
stirrups made from 0.179 in. wire, while that of beam F-3 consisted 
of single 0.3 in. wire stirrups. Though the area of shear rein-
forcement provided was less. the 0.179 in. wire had a higher yield 
stress, 38.2 ksi versus 32.5 ksi, than the 0.3 in. wire used in beam 
F-3. The cracking pattern was basically the same, except that more 
cracks were observed within the hinging zone of this beam. espe-
cially at the location of the third and fourth stirrups. The 
behavior of this beam was also very similar to beam F-3. Loss of 
the concrete cover occurred in the fourth cycle, and the beam sur-
vived six cycles of inelastic loading, the same number as beam F-3. 
The extent of deterioration along the major cracks in the hinging 
zone was, however, greater than in beam F-3. A photograph of the 
beam at the end of the test is shown in Fig. 2.20. 
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Chapter 3 
DISCUSSION AND EVALUATION OF TEST RESULTS 
3.1 General 
This chapter presents a discussion of the differences in 
beam behavior based on energy dissipation for the beams tested in 
this study. Beam behavior was mainly influenced by reinforcement 
ratio, stirrup spacing. and ratio of positive to negative reinforce-
ment. 
An energy dissipation index, Di' is also developed to give 
a relative measure of beam performance under cyclic loading. The 
test results of this study and those by four other researchers 
(4,13,14,18,23,24,31,32) are compared based on the energy dissipa-
tion index. 
Finally, recommendations are made for the design of rein-
forced concrete beams subjected to cyclic loading. 
3.2 Energy Dlssjpatlon 
One of the most important aspects of structural perfor-
mance under seismic loading is the ability of the structure to ade-
quately dissipate energy. The energy dissipated by the beams in 
this study was taken as the area enclosed by the load-deflection 
curves. Though there are several criteria for evaluating beam per-
formance, such as total number of cycles and rate of degradation, 
dissipation has been used most often 
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(4,5,7,12,13,14,18,23,24). Hence, an evaluation of beam performance 
is first made based on the measured energy dissipation. 
As described in Section 2.5, two criteria were used to in-
dependently define beam failure: (i) when the peak load in a cycle 
dropped below SO% of the initial yield load, Py' and (iil upon frac-
ture of the bottom reinforcement bars. Due to the fracture of the 
bottom bars in six of the tests, failure occurred in different 
cycles in different beams, and a computation of the dissipated ener-
gy based on the complete load-deflection curves up to failure would 
introduce inconsistencies into the results. To eliminate these in-
consistencies, only cycles for which the peak load, Pn' was greater 
than or equal to 75% of the initial yield load, Py' are considered 
in the computation of dissipated energy. Though somewhat arbitrary, 
the value of 0.75PY may be considered to represent the lower limit 
of the "usable" capacity of the beam. This criterion has been used 
by other researchers (12,13,14,23,24). Energy dissipation values 
based on this criterion are presented in Table 3.1 for the current 
study. 
3.3 Factors Influencing Member Behavior~ Energy Dissipation 
3.3.1 Reinforcement fiaiiQ,p 
The shear imposed on a section is a function of the moment 
capacity of the beam, which is in turn, a function of the amount of 
tensile reinforcement. Hence, the larger the reinforcement ratio, 
the higher the moment capacity and the applied shear. In addition, 
27 
as the tensile reinforcement ratio is increased, the compressive 
stresses in the concrete are also increased, inducing earlier 
spalling of the compressed concrete and thereby accelerating the 
rate of degradation. This is seen by comparing beams F-2 and F-3. 
These two beams differed only in the amount of flexural reinforce-
ment used, 1.02% in beam F-2 and 0.69% in beam F-3. Beam F-2 had a 
maximum shear stress of 3.31~ and survived only four cycles of 
inelastic loading (Fig. 2.9(b)), while beam F-3, with a maximum 
shear stress of 2.22~ survived six cycles of inelastic loading 
(Fig. 2.9(cll. The energy dissipated by beam F-3 was higher than by 
beam F-2, 201 kip-in. versus 169 kip-in. However, beam F-2 did have 
a higher displacement ductility factor than beam F-3, 5.1 versus 
4.4, which may have contributed to its rapid degradation. 
3.3.2 Stirrup Spacjng, s 
The effect of stirrup spacing can be studied by comparing 
beams F-3, F-4, F-5 and F-7. Beams F-4 and F-5 had stirrup spacings 
of 1.6 in. and 2.1 in., respectively, compared to 3.8 in. for beams 
F-3 and F-7, and both dissipated more energy, 297 kip-in. and 262 
kip-in., respectively, than either beam F-3 or F-7, both of which 
dissipated 201 kip-in. 
The nominal shear contributions of the stirrups, vs' for 
beams F-3, F-4, F-5 and F-7 were, 160, 158, 121 and 133 psi, respec-
tively. Hence, the 48% increase in energy dissipation for beam F-4 
compared to beam F-3 can be attributed to the smaller stirrup 
spacing. The effect of stirrup spacing is further highlighted by 
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the observations that although beam F-7 had a lower value of vs than 
beam F-3, both beams had the same stirrup spacing and dissipated the 
same amount of energy, while beam F-5, which had only 75% of the vs 
of beam F-3, dissipated 30% more energy. 
The main effect of smaller stirrup spacing is to provide 
greater concrete confinement. Smaller stirrup spacing also improves 
energy dissipation by delaying buckling of the bottom reinforcement. 
3.3.3 Ra1iQ Qf Posjtjye 1Q Negative~~. A1/A s s 
One suggested method of improving the performance of a 
beam subjected to cyclic loading is to increase the ratio of posi-
tive to negative steel (18). An increase in the A~/As ratio has the 
effect of increasing the moment capacity in positive bending, and 
thus, the area enclosed by the load-deflection curves is increased. 
In addition, an increase in A~ reduces the concrete compressive 
stresses under negative bending, thus delaying compressive spalling. 
Hence, an increase in the A~/As ratio will increase the dissipated 
energy. This is illustrated by beam F-6, which had an A1/A s s ratio 
of 0.75. Beam F-6 survived three more cycles of inelastic loading 
than beam F-3 (A~/As=0.5l and dissipated 328 kip-in., compared to 
201 kip-in. for beam F-3. Beam F-6 also dissipated more energy than 
beam F-4 which had an A~/As ratio of 0.5, but a stirrup spacing of 
1.62 in. compared to 3.8 in. in beam F-6. Both beams had the same 
amount of shear reinforcement. vs. 
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The extra energy dissipation capacity obtained with the 
addition of positive steel, however, may not improve building per-
formance under seismic loading. For a structure subjected to earth-
quake loading, part of this extra energy dissipation capacity will 
be needed, because the induced shear will increase as the result of 
an increase in the A~/As ratio. 
3.3.4 Displacement Ductility Factor,~ 
Though displacement ductility factor was not a major 
variable in this investigation, its effect on the performance of two 
of the beams, F-1 and F-2, was obvious. Beam F-2 was subjected to a 
displacement ductility factor of 5.1 compared to 3.9 in beam F-1, 
and even though beam F-2 had a larger core, it dissipated far less 
energy than beam F-1, 169 kip-in. versus 287 kip-in., respectively. 
The larger displacement factor used in beam F-2 resulted in higher 
compressive stresses and shear in the concrete and a much more rapid 
degradation than beam F-1, and hence, a lower amount of dissipated 
energy. The influence of other factors as discussed above somewhat 
overshadowed the effect of displacement ductility factor in the 
other beams. 
3.4 Energy Dissipation ~. D. 
1 
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Specimens of various sizes, reinforcement details and 
shear-span to depth ratios have been subjected to different load 
histories by different researchers. A comparison of the performance 
of these specimens should be based on a measure of performance which 
accounts for these differences. The most important differences are 
specimen geometry, strength, and load history. 
Gosain, Brown and Jirsa's <12) modified work index. I 1 , w 
was developed to compare beam performance by taking into account the 
geometry and strength, but not the actual load history. Rather than 
compute the dissipated energy from the area under the load-
deflection curves, the product of the number of cycles times the 
deflection ductility factor, coupled with modifications for the 
shear-span to depth ratio and axial load, was used to calculate I I w 
<Eq. (1.2JJ. I 1 was intended to be used only as an indication of w 
the severity of loading (12). In the current study, a similar ap-
proach is followed. However. a new index is selected which gives a 
more realistic measure of beam performance in an actual structure. 
In order to help normalize the results with respect to 
specimen geometry and strength, the energy dissipated by a beam can 
be normalized with respect to the elastic energy stored in the beam 
at yield, approximated as O.SPYAY (fig. 3.1). The elastic energy is 
characteristic of the design capacity of the beam and is dependent 
on the beam geometry and the amount of flexural reinforcement. 
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As a frame deforms inelastically under lateral load, the 
shear imposed on a beam is a function of the span length, L, and the 
sum of the negative and the positive moment capacities at opposite 
+ - - + ends of the span, M1+ M2 and M1+ M2• As shown in Fig. 3.2, 
+ -V = <M1+ M2l/L. If either the positive or negative moment capacity 
is increased, the shear due to lateral deformation will also be in-
creased. Hence, if additional positive reinforcement is added at 
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the supports, some of the additional energy dissipation capacity ob-
tained (see Section 3.3.3) will be required by the beam. This ad-
ditional requirement should be considered when evaluating the per-
formance of a beam under cyclic loading. 
In this analysis, it is assumed that the beam being 
modeled is symmetric about midspan, and that the test beam approx-
imates the portion of the beam between the inflection point and the 
column. It should be noted that although this type of model has 
been widely used (4,5,7,8,12,13,14,16,18,21,23,24), it is, in fact, 
only an approximation. In the test beams, the inflection point 
remains constant for both positive and negative bending, while in a 
structure subjected to seismic loading, the inflection point will 
generally be different for positive and negative bending. For ex-
ample, considering lateral loading only, the shear-spans for posi-
tive and negative bending will be M+l/(M++ M-l and M-l/(M++ M-), 
respectively. It is assumed that correlations of beam performance 
are not sensitive to this approximation. 
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For beams with A~<As' the yield load and yield deflection 
in negative and positive bending will be different due to the dif-
terence in moment capacities. Since most test procedures involve 
loading in the strong direction (usually negative bending) before 
loading in the weak direction (positive bending), the yield load and 
yield deflection can be obtained in the strong direction only. Due 
to the Bauschinger effect, it is not possible to measure the cor-
responding values during the reverse cycle. Since both the yield 
load and yield deflection are approximately proportional to the area 
of reinforcing steel, A
5
, and effective depth, d, the yield load and 
yield deflection in positive bending, Py and ~y' can be approximated 
in terms of the corresponding values for negative bending. 
~· = (A 1d /A d) X ~y y s 1 s 
(3.lal 
(3.2al 
in which A~ = area of reinforcing steel, and d1 = effective depth in 
positive bending. Since d1 and d are approximately equal, the fol-





The total elastic energy up to yield for both ends of a 
span is thus approximated by 
(3 .3) 
The energy dissipated by a test specimen can be normalized 
with respect to Eq. (3.3) to give a relative measure of beam perfor-
mance under cyclic loading, referred to as the "Energy Dissipation 
Index": 
D = i 
Energy Dissipated 
O.SPYAY[1 + (A~/As)z] 
(3 .4) 
The energy dissipation index compares the usable energy 
dissipation capacity with a measure of the energy dissipation re-
quired by the prototype beam. For example as discussed earlier, an 
increase in positive flexural steel increases the energy dissipation 
capacity of a beam (Section 3.3.3 and (18)), but also increases the 
shear induced by the lateral loading, and thus increases the energy 
demand. This additional energy demand is accounted for in Di. D1 
also accounts for any "pinching" in the load-deflection plot for a 
beam, and thus the effects of high shear (low a/d) are automatically 
accounted for, without modification, as required with I~ (12). 
The values of Di obtained using Eq. (3.1b) and <3.2b) 
typically differ from those obtained using Eq. (3.la) and (3.2al by 
less than 1%, with extreme values under 3% in the current study. 
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The influence of beam strength and loading on the energy 
dissipation index, Di' was investigated by plotting Di versus dimen-
sionless parameters representing strength and applied load. Since 
the plots showed a linear trend, they were fitted with straight 
lines and the correlation coefficients, r, obtained from linear 
regression analyses of the data were used as the basis for deter-
mining which variables most strongly influenced Di. 
The results from the tests performed in this investigation 
and the results for more heavily reinforced sections from four other 
studies (4,13,14,18,23,24,31,32) were used in the analyses <Table 
3.2). Beams which had special reinforcement schemes as well as 
those with severe anchorage deterioration are included in Table 3.2, 
but excluded from the linear regression analyses. The regression 
analyses are also limited to beams subjected to displacement due-
tility factors of at least 3.9. The need for this limitation will 
be explained below (Section 3.7.4). 
The results of these analyses, which are discussed in 
detail in the following sections, indicate that Di is controlled by 
a combination of factors and not by any single factor. Plots of 
various combinations of three principal factors, the maximum applied 
shear stress, vm' the concrete strength, f~, and the stirrup 
capacity, vs' were made, and good correlation was obtained by com-
bining the ratio of stirrup strength to the maximum shear 
stress, v /v , and the ratio of the square root of the concrete s m 
strength to the 
< f'lo.s1 1.5 vs c vm • 
maximum shear stress, ~/vm' in the form 
vs and vm are based on the web width and effective 
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depth of the members, rather than the concrete core area, because a 
better correlation was obtained in the current analyses when using 
the larger section dimensions. 
Another combined form, (avs +fi~l/vm' was investigated. 
The results of the linear regression analyses between Di and this 
combined form was controlled by the value of fi and indicated that 
the ratio vfitvm was far more dominant than vs/vm. As the value of 
fiwas increased, the correlation coefficient also increased, but was 
less than that obtained by using the combined form, <vsf~J 0 • 5tv~·5 • 
The particular form of the expression representing the 
controlling variables, (vsf~J 0 •5tv~· 5 , is in itself of some in-
terest. It suggests that not only do concrete strength and stirrup 
capacity relative to the applied shear affect beam performance under 
cyclic load, but that they do so independently of each other, con-
tributing to different aspects of the performance. Additional shear 
reinforcement increases shear strength and improves confinement. A 
higher strength concrete withstands higher stresses imposed in both 
shear and compression, dilates less, and thus requires less confine-
ment. 
3.5 D. versus v /v 
1 s m 
Due to the progressive decrease in the amount of shear 
carried by concrete in reinforced concrete beams subjected to cyclic 
loading, researchers (5,12,18,19,20,21,31,32) have recommended that 
the transverse reinforcement be designed to carry the maximum shear 
that a beam might experience. To study its effect, Di is plotted 
36 
against the ratio of vs to vm in Fig. 3.3(a) for the beams in Table 
3.2 (beams considered: ~>3.9, without special reinforcing schemes 
and without anchorage deterioration). Although there is con-
siderable scatter, the general trend is for Di to increase with an 
increase in vs/vm. Due to the scatter, there is poor correlation 
between Di and vs/vm (r=0.343l. 
A plot of Di versus vs/vm (Fig. 3.3(b)) for the beams 
tested in this investigation alone shows a positive trend between Di 
The correlation coefficient, r, between the two 
parameters is 0.711. 
3.6 0
1
• yersys ~/v c m 
As a result of the severe degradation of concrete in beams 
subjected to cyclic loading, the shear strength of the concrete is 
normally neglected in seismic design. Under current practice 
(3,30), the concrete contribution is not considered in the design of 
shear reinforcement if the factored axial compressive force in a 
member is less than Agf~/10, in which Ag is the gross cross-
sectional area. This, however, does not imply that concrete 
strength and confinement of the concrete core do not affect beam 
performance. 
A plot of 0
1 
versus ~vm is presented in Fig. 3,4(a). 
This plot shows a strong tendency for Di to increase with ~/vm and 
this is reflected in the correlation coefficient, r, of 0.793. 
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The effect of the maximum imposed shear on reinforced con-
crete beams subjected to cyclic loading was investigated by Scribner 
and Wight (23,24) and is generally accepted as a major factor in 
beam performance (5,12,18,20,23,24). However, because of the narrow 
range of concrete strengths used in tests, very little is known 
specifically about the effects of concrete strength on the perfor-
mance of reinforced concrete beams subjected to cyclic loading. For 
the tests used in the analyses presented here, the concrete 
strengths, f 1 , varied within the range 3750 psi to 5900 psi. This c 
narrow range in f' means that the test results illustrated in Fig. c 
3.4 are dominated by vm. 
To help evaluate the impact of concrete strength on the 
trend shown in Fig. 3.4(a), a separate regression analysis between 
Di and ~vm was performed with the true values of f~ replaced by 
a constant value of 4000 psi. The correlation coefficient was 
reduced slightly to 0.758, indicating that the concrete strength has 
at least some impact on beam performance. A wider range in the 
value of f~ than used in the tests to date will be required to ac-
curately measure the influence of concrete strength. 
The plot of Di versus ~/vm for the beams tested in this 
investigation is shown in Fig. 3.4(b). The five points lying at 
about the same value of ~/vm' representing beams F-3 to F-7, show 
that for specimens with the same value of ~/vm' Di can be in-
creased by a closer stirrup spacing and increased positive rein-
forcement. 
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3.7 Di versus 
As mentioned previously, the energy dissipation index, 01, 
is influenced by more than one combination of factors. The regres-
sion analyses indicate that the combination (v f 1 )0.S/v1·S provides 
s c m 
a good correlation with Di. 
Plots of Di versus (vsf~l 0 ' 5/v;·s for this investigation 
and the four other investigations (4,13,14,18,23,24,31,32) are 
presented in Fig. 3.S(al through 3.S<hl. 
3,7,1 Current~: 
The plot of o
1 
versus (vsf~)o.s/v;·s (Fig. 3.S<all shows 
the relative performance of the beams tested in this investigation. 
The values of Di ranged from 2S to 89. The equation of the best fit 
line obtained from a linear regression analysis is given by 
o
1
. = 20s< f'l 0•5tv1•5 - 26 vs c m (3.S) 
with correlation coefficient r = 0.861. 
Beams which had a reinforcement ratio of 0.69% had values 
of Di greater than or equal to so, while those with a reinforcement 
ratio of about 1.0% had values of Di less than SO. This indicates 
that the performance of a reinforced concrete beam subjected to cy-
clic loading can be improved by reducing the flexural reinforcement 
ratio, and thereby, reducing the maximum shear stress imposed on the 
beam. 
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It is worth noting that this improvement is not as clear, 
if beam performance is compared solely on the basis of dissipated 
energy, since beams with higher reinforcing ratios may have an in-
creased energy dissipation capacity because of their greater moment 
capacity. Di' however, takes into account both energy dissipation 
capacity and energy dissipation demand. 
The effects of small stirrup spacing and increased posi-
tive to negative steel ratio, A~/As' are seen by observing that 
beams F-4, F-5 and F-6, which had values of Di of 89, 79 and 70, 
respectively, performed relatively better than beam F-3 which had a 
Di value of 50. Beams F-4 (vs/vm=l.l6l and F-5 <vs/vm=0.87l had the 
same or lower values of shear steel than beam F-3 (vs/vm=l.l5), but 
had smaller stirrup spacings, while beam F-6 (vs/vm=l.l5l was 
similar to beam F-3, but had an A1/A ratio of 0.75, versus 0.5 for s s 
beam F-3 (Table 2.ll. 
Beam F-6 appears to have performed slightly better than 
the overall trend shown by all of the beams, and about as well as 
beams F-4 and F-5, based on the value of This 
suggests that most of the extra energy dissipation capacity obtained 
through the use of the extra positive steel would be required to 
satisfy the higher energy demand caused by the higher shear 
resulting from the increased positive moment capacity (fig. 3.2). 
These results also suggest a possible trade-off to obtain 
improved seismic performance: (1) Stirrup spacing can be reduced 
(as in beams F-4 and F-5l below d/4 (beams F-3, F-6 and F-7) or (2) 
additional positive steel can be added while maintaining the same 
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value of vs and stirrup spacing. Although the second option re-
quires more total steel, this may be preferred to the use of a 
reduced stirrup spacing, due to the greater difficulty in concrete 
placement with a smaller stirrup spacing. 
The use of double stirrups and/or an increased stirrup 
yield strength also appear to have improved performance, as can be 
seen by comparing the values of Di for beams F-3 and F-7. Beam F-7, 
which had double stirrups with a higher yield stress (38.2 ksi vs 
32.5 ksi for beam F-3), showed an increase in Di from 50 to 59, al-
though the value of vs dropped from 160 to 133 ksi and vs/vm dropped 
from 1.15 to 0.95. 
the 
3.7.2 Scribner~~: 
Fig. 3.5(b) shows a plot of Di versus 
beams tested by Scribner and Wight (23,24). 
( v fc'l 0.5 /vl.5 
s m 
The best fit 
obtained from a linear regression analysis is given by 




This test series shows the best correlation between Di and 
(vsf~J 0 • 5;v;· 5 , and this may be due to the fact that all the beams 
were subjected to the same load history. 
A plot of Di versus (vsf~J 0 • 5;v;· 5 for all of the beams 
tested by Scribner and Wight (23,24) is presented in Fig. 3.5(cJ. 
In this figure, the circles represent beams that had intermediate 
longitudinal reinforcement; the inverted triangle represents a beam 
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that had intermediate longitudinal reinforcement, but suffered 
severe anchorage deterioration, and the square represents a beam 
that had a large amount of shear reinforcement, but suffered severe 
anchorage deterioration and failed as a result of sliding along a 
vertical plane of weakness. The triangle represents a beam that 
performed particularly poorly and may not have been totally 
representative of all specimens having similar section properties 
(24). That the last three points lie below the statistical mean is 
significant and is discussed later. 
With the exception of the data point at a value of o1 of 
about 100 and the beam represented by the square, most of the data 
points closely match the best fit line. The data points at values 
of Di of 75 and 100, represent two nearly identical beams which were 
subjected to maximum shear stresses between 3~ and c The 
beams differed in that the beam with Di = 100 had intermediate 
longitudinal reinforcement; the other beam did not. The 34% in-
crease in Di shows the possible beneficial effect of intermediate 
longitudinal reinforcement on reinforced concrete beams subjected to 
moderate shear stresses (23,24). However, the other beams with in-
termediate longitudinal reinforcement lie very close to the best fit 
line, indicating that the inclusion of intermediate longitudinal 
reinforcement may not be of benefit in all cases. 
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3 • 7 • 3 ltig,h;t .arul. ~= 
A similar plot for the investigation by Wight and Sozen 
<31,32) is presented in Fig. 3.5(dl. The equation of the best fit 
line is given by 
D
1
• = 248(v f'l 0•5;v1•5 - 23 s c m (3. 7) 
with correlation coefficient r = 0'.808. 
The test specimens were reinforced concrete columns with 
no axial load and were subjected to maximum shear stresses greater 
than 4~. The load-deflection curves for these specimens exhibited 
severe pinching, as is characteristic of specimens subjected to high 
shear stress. This reduced the energy dissipation capacity, 
resulting in values of Di less than 40 for all test specimens. 
3.7.4 ~ .aru1. Scribner: 
A plot of Di versus (v f') 0•5;v1•5 for the beams with s c m 
~= 4 tested by Hwang and Scribner (13,14) is presented in Fig. 
3.5<el. The equation of the best fit line is given by 
(3. 8) 
with correlation coefficient r = 0.923, which illustrates further 
the very good correlation between Di and <v f 1 l0•5;v1•5 for beams s c m 
subjected to the same load history (see Section 3.7.2). 
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The data points lying between values of Di of 20 and 30 
represent beams which were subjected to maximum shear stresses 
greater than 5~ The data points with Di near 50 represent beams 
with maximum shear stresses less than 4~. 
The effect of the displacement ductility factor, ~~ on the 
performance of reinforced concrete beams is seen in Fig. 3.5(f) by 
comparing the performance of these beams to beams in the same study 
subjected to a ductility factor of 2. The reduced value of 
results in a 60 to 110% increase in Di. This observation points out 
the fact that comparisons of beam performance under cyclic loading 
will be valid only for limited ranges in~~ for example 4 to 6. Ad-
ditional work is necessary before the factors which control beam 
performance can be adequately compared when displacement ductility 
factors differ by 100% or more. 
3. 7.5 M.a_, Bertero .aru1 ~: 
The test series by Ma, Bertero and Popov (18) is presented 
to illustrate the effects of both slippage within the anchorage zone 
and special 
(v f')0.5/vl.5 
s c m 
reinforcement schemes. The plot of Di versus 
for this test series is presented in Fig. 3.5(g}. 
This figure shows the most scatter, as reflected in the correlation 
coefficient, r = 0.758, obtained from the linear regression 
analysis. The equation of the best fit line is given by 
Di = 120<v f 1 >0•5;v1•5 - 6 s c m (3.9} 
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The coefficient of <vsf~J 0 • 5;v!· 5 and the correlation 
coefficient for this group of tests are the lowest of the five test 
series used in this analysis. The significant slippage of the 
longitudinal reinforcement that occurred in most of the beams may 
have contributed to both low coefficients, and the fact that the 
beams were subjected to different load histories may have also con-
tributed to the scatter. 
The effect of special reinforcement schemes on beam per-
formance is shown in Fig. 3.5(hl. This figure is similar to Fig. 
3.5(gl except that data points representing two beams with special 
web reinforcement, tested in an earlier series by Bertero, Popov and 
Wang (4), are also shown. Of these two beams, the beam with in-
clined bar shear reinforcement <represented by the triangle) has a 
higher value of Di than the beam with heavy conventional shear rein-
forcement (circle), 90 versus 62. In both cases, Di greatly exceeds 
the values obtained with conventional reinforcement (0.<47). These ,_ 
reinforcement schemes are, however, complicated or make concrete 
placement difficult, and may not be economical to implement (4,5). 
3.8 Additional Observations 
3.8.1 Combined Results 
The test results of this study and those of Hwang and 
Scribner (13,14), Scribner and Wight (23,24), and Wight and Sozen 
(31,32) are presented in Fig. 3.6(aJ, along with the statistical 
mean and the 95% confidence limits. The equation of the best fit 
line is given by 
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o,. = 188<v f'> 0•5;v1•5 - 9 s c m (3 .10) 
with correlation coefficient r = 0.910. 
A comparison of Eq. (3.10) with Eq. (3.5), <3.6), (3.7), 
and (3,8), which represent the individual studies included in Eq. 
(3.10), shows that the coefficient of <vsf~l 0 • 5;v;·5 for the com-
bined data, 188, is well below the coefficients for all four of 
these test series which range from 208 to 248 (see Fig. 3.6(b)). 
This is the result of a bias in the data. 
Values of Di from the current study, which tend to be 
below the statistical mean for all of the tests, predominate at high 
values of (vsf~> 0 • 5;v;· 5 ; most of the other tests, which tend to be 
above the overall statistical mean, have low values of 
<v f'l 0•5;v1•5• The result is a flatter slope than obtained for the 
s c m 
individual studies. 
The bias in Eq. <3.10) means that it does not represent 
the trend line that would be expected if additional data were 
available. A better estimate of an overall trend line can be ob-
tained by introducing "dummy" variables in the regression analysis 
(10) and averaging the intercepts of the resulting straight line 
equations. This procedure yields the following expression, 
(3 .11) 
which compares favorably with all four equations. Eq. (3.11) is 
compared to the test results in Fig. 3.7. 
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3.8.2 Other Controlling Factors 
The positive correlation between Di and (v f'J 0•5;v1•5 is s c m 
evident. However, the scatter in the test results about the 
statistical mean, the effects of special reinforcing schemes and an-
chorage deterioration, and the differences between the individual 
test results clearly indicate that the combined parameter, 
(vsf~J 0 • 5;v;· 5 , does not fully control the energy dissipation index 
and that there are other variables that need to be considered as 
well. 
As mentioned earlier, the location of a data point with 
respect to the statistical mean does have some significance. In 
Fig. 3.8, three points with the same value of (v f'J 0•5;v1•5 but s c m 
different values of Di are shown, as well as a line representing the 
statistical mean. One of the points lies on the line, another point 
lies below the line, and a third point lies above the line. The 
point lying on the mean line represents an "ideal" beam, whose per-
formance is consistent with the trend of the data as controlled by 
vm' f~, and vs. 
Since the points all have the same value of 
(v f 1 J0•5;v1•5 the beams represented by the other two points differ 
s c m ' 
from the ideal beam in ways that are not reflected by the value of 
<vsf~lo.s/v~·s. 
Points that lie above the mean represent beams that per-
form better than expected. These beams have values of Di greater 
than the mean value and may be termed "efficient". Points that lie 
below the mean represent beams that have values of Di less than the 
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mean value. They do not perform as well as expected and are thus, 
"less efficient". 
An example of an "efficient" beam is given in Fig. 3.5(h), 
where the improvement in beam performance due to the special rein-
forcement schemes is illustrated by the large margin that the two 
points (circle and triangle) lie above the mean. "Less efficient" 
beams are illustrated by the two beams, that suffered severe an-
chorage deterioration in the tests by Scribner and Wight (23,24) 
<square and inverted triangle in Fig. 3.5(cll that lie below the 
mean. 
3.8.3 Differences between Ias1 Series 
group. 
Fig. 3.6(bl and 3.7 show the statistical mean of each data 
These figures reveal a banding effect, with beams tested by 
different investigators lying along different means. A closer ex-
amination of beam properties shows that beams with deeper cross-
sections and lower width to depth ratios, b/d, lie below the overall 
statistical mean (i.e. they are relatively less efficient), while 
those with shallower sections and higher b/d ratios lie on or above 
the mean (more efficient). For example, the statistical mean of the 
beams tested in this study lies below the overall statistical mean. 
These beams had b/d and d values of approximately 0.49 and 15.3 in. 
The beams tested by Hwang and Scribner (13,14) and Scribner and 
Wight (23,24) lie above the statistical mean. These beams had b/d 
and d values of 0.8 and 10 in. and 0.93 and 8.6 in. 
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The specimens tested by Wight and Sozen (31,32) had an ef-
fective depth. d, of 10 in., but a b/d value of only 0.6. The 
statistical mean for these specimens lies just below the overall 
statistical mean. 
These observations strongly suggest that both size and 
shape affect the performance of reinforced concrete beams subject to 
cyclic loading. Some effects of section geometry on beam behavior. 
are recognized in current seismic provisions (3,30): The minimum 
width to depth ratio is 0.3 for flexural members, and the minimum 
width is 10 in. 
The effects of beam depth and b/d ratio on the concrete 
contribution to the shear strength of rectangular beams have been 
observed for statically loaded beams (15,17,26). The current 
analyses indicate similar size and shape effects and suggest that 
adequate confinement may depend not only on stirrup spacing as a 
function of beam depth (i.e. d/4), but also beam width, and possibly 
as a multiple of some critical material dimension such as the max-
imum aggregate size. 
3.9 eractical Application Q£ Findings 
As developed in the current research, the energy dissipa-
tion index, Di' is a research tool, used to compare the performance 
of beams with differing geometries, reinforcing ratios, and load 
histor~es. However, Di also has potential as a design tool. 
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The analyses presented above indicate that in addition to 
the maximum applied shear stress. vm' the concrete strength. f6• and 
the stirrup capacity. vs• Di is sensitive to the positive effects of 
special reinforcing schemes and the negative effects of bond 
deterioration. This sensitivity to several aspects of member per-
formance may eventually offer the greatest potential for design ap-
plications. However. more study is required. 
Two questions deserve particular attention: Is Di a true 
measure of a member's performance? And if so, what values of Di are 
desirable in practice? 
While definitive answers to these questions await ad-
ditional research, some guidelines can be set. These guidelines can 
be selected based on a minimum performance criterion. It is sug-
gested that for beams serving in a lateral load resisting frame 
designed for a severe earthquake, the minimum criterion should be 
the ability to endure five full cycles of inelastic loading 
(p >0.75P ) when subjected to maximum displacement ductility factors n- Y 
between approximately 4 and 6. Gosain et. al. {12) used a similar 
criterion with ~= 5. Beams satisfying this requirement would ex-
hibit good toughness under severe cyclic loading. 
The beams in the five studies considered in this report 
were evaluated using this criterion. Of the thirty five beams 
without special reinforcing subjected to values of~ between 3.9 and 
6, sixteen were able to withstand five full cycles (Table 3.3). Of 
these sixteen beams, 50% had energy dissipation indices greater than 
or equal to 50, 81% had values of Di in excess of 40, and 100% had 
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values of 01 greater than 35. Assuming that vs/vm = 1.0. these 
three values of Oi imply maximum shear stresses of 3.3~. 3.9~, 
and 4.3v'rb• respectively, based on Eq. (3.lll(used here as a guide). 
Twelve of the sixteen beams had v >v (fourteen had v >0.95v ), and s m s- m 
thirteen of the sixteen had a v <4.3~. m c 
Of the nineteen beams with~~3.9 that did not sustain five 
complete cycles of an inelastic loading, fifteen had either a 
nominal stirrup strength, vs' less than vm or a maximum shear 
stress, vm' in excess of 4.3~. Of these fifteen beams, six had 
both v <v and vm>4.3~. s m 
Four beams that did not sustain four cycles had vs>vm and 
v <4.3~. m c However, these beams. from the study by Ma, Bertero and 
Popov (18), exhibited severe bond deterioration within the joint. 
and are not completely applicable to establishing design criteria 
for flexural members alone. 
Based on this analysis. it is recommended that the current 
procedure (3,30) of disregarding the concrete contribution to shear 
capacity, Vc' should be continued for flexural members subjected to 
severe seismic loading. The result of this requirement is to re-
quire the design stirrup capacity. ~vs' to be greater than the fac-
tored shear, vu <=Vu/bwdl. In addition, design values of Di~35 are 
desirable in terms of member behavior. This value of Di represents 
a maximum shear stress of approximately 4.6~, for ~vs/vm = l 
(vs/vm=l.l8J, the minimum required for flexural members subjected to 
severe seismic loading (3,30). Higher values of applied shear could 
be sustained with added shear steel. However, Eq. <3.10) and (3.11) 
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suggest that vs would have to be increased more rapidly than vm (or 
vul to maintain a desired value of Di. 
For example using Eq. (3.1ll to maintain a value of Di = 
35 for an 30% increase in vm from 4.6~ to 6.0~ requires an 68% 
in v from l.l8v to l.98v • The required increases in shear rein-s m m 
forcement to maintain Di become unrealistic very rapidly, and it may 
be more efficient to increase the beam width, with no increase in 
reinforcing steel. The moment capacity would be maintained, while 
the induced shear stress would be reduced. An increase in concrete 
strength would be another option to consider, to be used alone or in 
conjunction with an increase in vs and a decrease in vm. 
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Chapter 4 
SUMMARY AND CONCLUSIONS 
4.1 Summary 
The primary objective of this research is to study the cy-
clic behavior of lightly reinforced concrete beams subjected to 
large displacement excursions, on the order of four to five times 
the yield displacement. 
Seven cantilever beams with enlarged end blocks were 
tested. The beams had reinforcement ratios of 0.69 or 1.0 percent, 
stirrup capacities ranging from 78 to 116% of the applied shear, 
stirrup spacings ranging from O.lld to 0.25d, and ratios of posi-
tive to negative longitudinal reinforcement of 0.5 and 0.75. The 
longitudinal reinforcement was firmly anchored to prevent slip 
within the joint. 
The dissipated energy is used to compare beam behavior 
under cyclic load, and an energy dissipation index, Di' is developed 
to serve as a measure of the performance of reinforced concrete 
beams subjected to cyclic loading. The test results from this study 
and those of four other test series are compared, and recommenda-
tions for design are made. 
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4.2 Conclusions 
The following conclusions are based on the tests and 
analyses presented in this report. 
1. For a beam subjected to cyclic loading, the use of a low 
reinforcement ratio reduces the maximum shear and compres-
sive stresses to which the beam is subjected and thus 
reduces the rate of degradation. 
2. The number of inelastic cycles endured and the total ener-
gy dissipated can be increased by: 
al The use of a reduced stirrup spacing to improve con-
crete confinement and delay buckling of the longitudinal 
steel. This improvement can be obtained even with some 
reduction in total stirrup capacity. 
b) An increase in the ratio of positive to negative 
steel to delay spalling of the compressed bottom concrete 
and buckling of the bottom <positive) steel. 
c) A decrease in the maximum displacement ductility fac-
tor, ~· 
3. The energy dissipation index, Di, developed in this study 
appears to provide a consistent measure of beam perfor-
mance under cyclic loading and should prove useful in ap-
plications to structural design. o1 appears to be 
primarily controlled by the maximum shear stress imposed 
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on the beam, the concrete strength, and the nominal 
capacity of the shear reinforcing. It is also sensitive 
to modifications in detailing, anchorage slip, and beam 
geometry. 
4. The energy dissipation index analyses of test results in-
dicate that: 
a) The performance of reinforced concrete beams sub-
jected to cyclic loading will improve with a decrease in 
maximum shear stress, and an increase in concrete strength 
and nominal stirrup capacity. 
b) Performance also appears to improve with an increase 
in the ratio of positive to negative reinforcement at the 
face of the support, but a sizeable portion of the in-
creased energy dissipation capacity is required by the 
structure to satisfy the added energy dissipation demand. 
However, the net effect of the increase in the ratio of 
positive to negative reinforcement is to improve perfor-
mance. 
c) Special reinforcement schemes can improve beam per-
formance significantly. 
d) Bond slip within a joint will sizeably reduce the 
performance of a beam. 
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e) The shape and size of a beam may affect its perfor-
mance under cyclic loading. Beams with low width to ef-
fective depth ratios, b/d, and large effective depths ap-
pear to be less efficient when compared to beams with 
higher b/d values and smaller effective depths. 
f) A value of 35 for the energy dissipation index, Di' 
appears to provide adequate performance under cyclic 
loading. This corresponds to a maximum shear stress of 
approximately 4.3~ for a nominal value of shear 
reinforcing, Vs' equal to the maximum applied shear, Vu' 
and 4.6~ for ~Vs=Vu. 
4.3 Recommendations fQc Future ~ 
1. The maximum shear stress is considered to be one of the 
most important factors in the design of reinforced con-
crete beams subjected to cyclic loading, and recommenda-
tions have been made to limit its value to 6~ (5,12). 
To effect this, one of the recommendations that has been 
made is to reduce the flexural reinforcement ratio. 
Another option to improve performance, however, is to in-
crease the concrete strength. A higher strength concrete 
will withstand higher compressive and shear stresses, 
dilate less under load, allow for the use of less 
congested reinforcement, and thus, make concrete placement 
and consolidation less difficult. Tests run to date have 
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used only a very limited range of concrete strength. This 
narrow range limits how much confidence can be placed in a 
relationship based on the square root of the concrete 
strength. Therefore, to help more fully evaluate the ef-
feet of concrete strength on beam performance, tests with 
concrete strengths considerably above 5000 psi are needed. 
With current technology, concrete strengths up to 15,000 
psi appear to be worth investigation for special applica-
tions in seismic resistant structures. 
2. The energy dissipation index, Di' is a measure of beam 
performance under cyclic load. It was developed to 
represent performance within a structure. How well it 
measures that performance, however, needs additional 
study: Are the approximations used realistic? Will 
structures perform well if the individual members have 
high energy dissipation indices? If so, what values of Di 
are desirable in practice and what are the best ways to 
achieve a high value of Di? Can the concept be extended 
to members under axial load? The answers to these ques-
tions may offer important opportunities for improvements 
in the design and construction of lateral load resisting 
frames subject to severe earthquakes. 
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TABLE 2.1 BEAM AND REINFORCEMENT PROPERTIES 
PROPERTY BEAM 
F-1 F-2 F-3 F-4 F-5 F-6 F-7 
length, H in. l 68 68 68 68 68 68 68 
Height, h<in. l 18 18 18 18 18 18 18 
Width, b(in.l 7.5 7.5 7.5 7.5 7.5 7.5 7.5 
Effective 
Depth, d(in.l 15.25 15.38 15.38 15.25 15.25 15.38 15.38 
Effective 
Depth, d1<in.l 15.75 16.25 16.25 16.38 16.38 16.25 16.38 
Core Width, bc(in.l 4.5 5.5 5.5 5.25 5.25 5.5 5.5 
Core Depth, dc(in.l 15.0 16.0 16.0 15.75 15.75 16.0 15.75 
Shear Span, a( in.) 60 60 60 60 60 60 60 
a/d 3.9 3.9 3.9 3.9 3.9 3.9 3.9 
Reinf. Ratio, (%) 1.03 1.02 0.69 0.69 0.69 0.69 0.69 
Top Reinf., A5 (in~) 6#4 6#4 4#4 4#4 4#4 4#4 4#4 
Bot Reinf., A~(in~l 3#4 3#4 2#4 2#4 2#4 3#4 2#4 
A1 /A s s o.s 0.5 0.5 0.5 0.5 0.75 0.5 
fy (ksil 73.8 73.8 73.8 73.8 73.8 73.8 73.8 
Stirrup dia. (in.) .300 .300 .300 .179 .179 .300 .179(1) 
Stirrup 
Spacing, s(in.) 3.8 3.8 3.8 1.6 2.1 3.8 3.8 
f vy (ksil 32.5 32.5 32.5 38.2 38.2 32.5 38.2 
(1) Double Stirrups 
COLUMN-STUB <ALL SPECIMENS) Height, H = 60 in. 
length, L1 = 28 in. 
Width, W = 15 in. 
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TABLE 2.2 COMPUTED AND MEASURED SHEARS 
BEAM NOMINAL STIRRUP CALCULATED TEST MAXIMUM SHEAR 
CAPACITY SHEARS SHEARS STRESS 
v (1) vs(2l . v (3) v (4) vy v v vm/Jfi. s y m m m 
(kips) (psi) (kips) (kips) (kips) (kips) (psil 
F-1 18.0 161 19.8 24.0 18.2 22.5 197 3.01 
F-2 19.3 161 19.9 24.2 19.7 24.8 215 3.31 
F-3 19.2 160 13.8 16.9 13.5 16.7 145 2.22 
F-4 18.7 158 13.7 16.8 13 .o 16.1 141 2.14 
F-5 14.3 121 13.7 16.8 13.0 16.3 143 2.16 
F-6 19.2 160 13.8 16.9 13.3 16.7 145 2.20 
F-7 15.7 133 13.8 16.9 13.3 16.6 144 2.22 
<ll V = A f s v vy 
(2) vs = Avfvy/bs 
(3) V = shear force at yielding of main longitudinal reinforcement 
y 
(4) Vm = maximum shear force 
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TABLE 2.3 CONCRETE PROPERTIES 
Beam Mix Proportions Slump Air Content f'(l) c 
f (2) 
r Age at 
by weight <in.) (%) (psi) (psi) Testing 
(days) 
F-1 1.0:2.88:2.88 2.50 2.5 4260 420 10 
F-2 1.0:2.88:2.88 2.75 5.5 4220 535 7 
F-3 1.0:2.88:2.88 2.00 4.5 4260 390 13 
F-4 1.0:2.88:2.88 4.00 3.5 4330 530 14 
F-5 1.0:2.88:2.88 2.00 2.5 4370 440 9 
F-6 1.0:2.88:2.88 1.50 2.5 4320 480 11 
F-7 1.0:2.88:2.88 l. 75 2.0 4220 475 13 
(1) f~- compressive strength from 6 x 12 in. cylinders. 
(2) fr- modulus of rupture from 6 x 6 x 22 in. flexural specimens, 
third point loading on an 18 in. span. 
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TABLE 2.4 PRINCIPAL EXPERIMENTAL RESULTS 
Beam Yield Max. Yield Max. p.,* Growth II of Cycles 
Load Load Defl. Defl. P >0. 75P Total 
(kips) (kips) (in. l (in.) (in.) n- y 
F-1 18.2 22.5 0.656 2.54 3.9 0.404 5 5! 2 
F-2 19.7 24.8 0.533 2.73 5.1 0.442 2 4 
F-3 13.5 16.7 0.467 2.04 4.4 0.371 6 6 
F-4 13.0 16.1 0.400 2.04 5.1 . 0.406 9 11 
F-5 13.0 16.3 0.447 2.04 4.6 0.423 8 12 
F-6 13.3 16.7 0.383 2.04 5.3 0.383 9 9 
F-7 13.3 16.6 0.400 2.04 5.1 0.357 6 6 
* Displacement ductility factor 
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TABLE 3.1 ENERGY DISSIPATION FOR BEAMS IN CURRENT STUDY 









(1) Cycles with P >0.75P n- y 
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Table 3.2 Test Results used in Di Analyses 
eou • "V"- • • ·~ "•'"• •riff:: •, ., ' . ... I of C)-c1"• h·afPo.s,.;.s ., "' C fn,) un.J tpan lktp•J ttn.J fkfp-1n,) "!2 "!' 
Clfrret~t Study• 
F-1 1.0> 0.5 1.5 1S.25 ,,.. .... 3,01 18.2 .... 281 ••• 5 5 0.30 " ,_, 1.02 0.5 1.5 15.38 mo 0.11J 3.31 19.7 0.53 169 5.1 2 2 0.27 25 ,_, 0.159 0.5 7.5 15.38 ... o 1.15 2.22 13.5 0.~7 201 ••• • • 0.48 50 , ... .... ••• '·' 15.25 "" 1.16 2.14 11.0 0,40 '"' 5.1 • • 0,50 " , .. 0.69 ••• 7.5 1S.25 '"' ... , 2.115 13.0 .... ,., ••• • • . ... 10 , .. 0.69 '·" 1.5 15,38 .... 1.15 2.20 13.3 0.311 ... 5.3 • • 0.49 " ,_, 0.69 ••• 7.5 15.38 .... o.os 2.22 "·' 0.40 201 5.1 • • 0,44 .. 
Seribner & lftght t22*23'h 
l 1.27 0,69 e.o ••• 4970 1.05 2.06 ••• 0.3511 ... 6.0 12 12 0.66 "' 2(1) 1.27 0,69 ••• • •• .4970 1.68 2.24 ••• 0.47 ... ••• 12 12 o.se 127 :HZJ 1 ... 0,159 ••• 10.1 4970 1.01 .... 14,.4 0.54 27' a.o 1 , .... " 41U 1.63 0.69 ••• 10.1 -4970 0.89 ,,.u 115,4 O,fi6 •o7 ••• • • 0.27 51 5 1.27 0.159 ••• ••• .... 1.20 3.35 11.6 O,.C3 215 ••• 10 10 0.34 " 6CU 1.27 0,69 a.o ••• .... 1.23 '·"" 12.0 o.:n 327 a.o 12 12 0.32 .. 713} 1.63 .... ••• 10.1 .... 3.72 .... lS.O 0,70 "' 6.0 10 10 O.S.t " I ttl 1.63 0.159 6,0 10.1 .... .... .... 17.0 o.eo ... • •• 10 10 o.zs " • 2.62 o.n 1o,o 12.1 .... 1.14 .... 34.2 1,10 1267 a.o 1 7 0.22 ..10(1) 2.62 0.71 10.0 12.1 4940 1.12 .... 35.1 1.07 "" 6.0 7 7 0.21 " 11 2.62 0.71 10.0 12.1 ... o 0.92 6.15 '.41.0 0.72 723 6.0 • • 0.16 " 12Ul 2.62 0.71 10.0 12.1 4940 0.91 6,23 46.0 0.90 192 ••• 5 5 .... .. 
IUtht & So"" (n..J1h 
00.033W 1.47 1.0 5.9 10.1 .... 0.51 4,34 17.3 0.44 131 •• o 7 1 0,17 17 
00.04h 1.47 1.0 ••• 10,1 3750 o. 74 5.20 16,3 o.so 182 •• o 7 1 0.17 " 00.067W 1.47 1.0 6,2 10.0 4510 0,98 ... , 15.2 0,44 2<0 ••• • ' .... " OO.lOSE 1.47 1.0 6,1 10.1 •aso 1.22 5.50 18,4 0.50 189 •• o ' • 0.20 21 00,105W 1.47 1.0 6.2 10.0 4850 1.26 5.33 111.4 0,53 220 ••• ' ' 0,21 22 OO.l47E 1.47 1.0 ••• 10.1 .... 1.77 5,45 17.0 o • .t4 ... ••• • • 0.24 •• 00,147¥ 1,1.7 1.0 5.9 10,0 .... 1.n .... 111.1 0,47 ,., ••• • • 0.24 " HwiJIO & Sc:r1bMr U2*13h 
1-U4) 1.65 0,59 ••• • •• 5900 1.07 '·' 111.9 0.41 590 ••• 110 0.31 103 1-2 1.65 0.69 ••• 10.1 5600 0.97 ••• 111,5 o.u "' ••• 13 13 0.27 " 1-< 1,65 0.59 ••• ••• .... 1.20 3.5 17.2 o ... "' • •• " , 0,31 .. 2-lt4l 2.3< '·" a.o ••• 5100 0.13 5.1 25.9 0.311 ... 2.0 .. 0.17 .. 2-2 2.34 '·" 6.0 ••• 5300 0.70 5.2 24,6 0.37 180 •• o • • 0,16 "' 2-3 2.3-4 o.n ••• '·' .cno 0,71 ••• "·' 0,41. 171 ••• , ' 0.14 20 .... 2.3.C 0.73 a.o ••• ., .. 0.68 5.6 "·' 0.37 151 •• o 5 ' 0.15 21 3•1W 2.3' o.n a.o 9.7 -4910 1.58 7.1 :!15.8 0.25 ,,. 2.0 50 0,18 " ,_, 2.34 0.73 ••• • •• "" 1 ... '·' 3•.4 0.25 155 •• o • • 0.18 " ,_, 2.34 '·" a.o ••• .... 1 ... 7.0 35.5 '·" "' ..o • • 0.19 29 .... 2.34 o.n 6.0 9,7 5060 1.57 '·' 36.1 0.25 "' •• 0 • • 0.17 " "-• e.mro & l"opoY U6J 1 
R·2(3) 1 •• 0.53 ••• 1•.o .... 1.03 2 ... 22.5 .... 267 • •• 7 1 .... 32 Rw4C3J 1 •• 0.53 ••• u.o .... 1.76 3.38 :n.a 0.60 '" 7.2 1 1 0,39 " R-513) 1 •• 1.0 9.0 14.0 4580 1.13 5.16 .... 0.36 ... • •• 10 ' 0,21 " Jl..6(3) 1 •• 1.0 9.0 14.0 .... 1 ... 3.55 24.0 0.62 "' • •• 13 5 o.n " T•1C3) 1 •• .... ••• 1-4.0 "" 1 ... .... 32.9 0.72 "' ..1 , 1 0.32 " T-2(lJ 1 •• 0.53 ••• 14,0 4610 1.32 .... 32.0 '·" "' 5.S .... 15 T•3!3J 1.< 1.0 9.0 14.0 4470 1.41 4.18 31,2 '·" ... •• 2 10 0,21 " 
S.rt•ro• P09ov & ••no Uh 
33(5) 1.58 1.0 15.0 25.5 .... 1 ... .... 130,0 . ... '"' 5,25 " • o.u " 351(5) t.se 1,0 lS.O 25.5 5500 1.$11 •• 2 U2.0 .... 9510 • •• .. 7 0.23 ..
"' Jllt•f'Mdf•t• R.1nforc~ 121 f'•rfor.d Poorly 
"' S.Y•MI Mehorag• O.t•rforl.tfOfl "' Dtsp1u:-t Duct11tty 1"1.etor • 2 "' Sp.c:ff;T Web Rllfnfo~t • Hu•tt.r of Cc.p1•t• Cye1q 1n lltlfe:h Pnt0.75J"Y 
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TABLE 3.3 BEAMS THAT SURVIVED AT LEAST FIVE CYCLES 
OF INELASTIC LOADING, 3.9~~6 
Investigation D 1~5o D.>50 D.<40 D.>40 Di~35 D.>35 ,_ ,_ ,_ ,_ 
Current Study 1 5 l 5 0 6 
Scribner 
& Wight (23,24) 3 2 0 5 0 5 
Wight 
& Sozen (31 ,32) 2 0 2 0 0 2 
Hwang 
& Scribner (13,14) 1 1 0 2 0 2 
Ma, Bertero 
& Popov (18) l 0 0 1 0 1 
TOTAL 8 8 3 13 0 16 
% 50 50 19 81 0 100 
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Fig. 2.7(a) LVDT Arrangement for Measurement of Shear Deformation 
Fig. 2.7(b) LVDT Arrangement for Measurement of Flexural Rotation 







l' /i '',\C // 
'' I/ '~,. 
//\.~ ... 
I ' //Ln '~ 
!t ' I 
I 
' 11 ~'\lid" // 
\\ ,// 
'~( co 
II,\ ..... ,// \\ 








































I ..... ..£K.. ..... Y' < q-----co I ::::;a -0 
_J 
-5 
-15 I ? :=:::= C . . . . I 
-3.0 -2.0 -1.0 0 1.0 2.0 3.0 
Load-Point Deflection, in. 
Fig. 2.9(a) Load-Deflection Curve, Beam F-1 
30r-------------------~~---------------4--~ 
20 












-3.0 -2.0 -1.0 0 1.0 2.0 3.0 
Load-Point Deflection, in. 






.::.t. 5 . 
"0 






-3.0 -2.0 -1.0 0 1.0 2.0 3.0 
Load-Point Deflection, in-. 






~ 5 . 
"0 




-3.0 -2.0 -1.0 0 1.0 2.0 3.0 
Load-Point Deflection, in. 






~ 5 . 
"0 
I 0> .... rr I I ..<Ill AS • 
ro 
I 0 _. 
-5 
-15~------------------~~------------------~ 
-3.0 -2.0 -1.0 0 1.0 2.0 3.0 
Load-Point Deflection. in. 






~ 5 -"C 
co 
I <» "' lflll7' 
I '! -----<as I ? 0 I -' 
-5 
-15~------------------~--------------------+ 
-3.0 -2.0 -1.0 0 1.0 2.0 3.0 
Load-Point Deflection. in. 































c • 0 (I) 
•r-1 > ... 
4-J"' 
(.)(.) 



















































c <I> c 
0 '-
•rt "' ., 
+-' .c 
co "' 















" "' 0 ..J 
~ 
"' 







• • ...___ 










~ I "'"' :;-:::....., I 8: 
-5 
-15~--------------~--~----------------~---4 
-0.02 -0.01 0 0.01 0.02 
Shear Deformation 

















































"' 0 ...J 
u 
~ 










0 I PI :::::::liP I I (X) ....J .... 
-10 
-20~-----------------------------~-----~~----------------------~---4 
-0.02 -0.01 0 0.01 0.02 
Shear OP.formation 






~ 5 . 
-c 
10 
I Q) ...- A!!!b' Q) :iiiiill I 0 _J 
-5 
-15~~----------------~------~------------~ 
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 
Shear Deformation 





~ 5 -"'0 
ro 





-0.004 -0.002 0 0.002 0.004 
Shear Deformation 









I ol) £, l V./ 0 ccr=s ::::&~ ~;;:::: I 0 .....1 
-5 
-15~--------------------~------~------------~ 
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 
Shear Deformation 












-0.004 -0.002 0 0.002 0.004 
Shear Deformation 






~ 5 -"0 
10 




-0.03 -0.02 -0.01 0 0.01 0.02 0.03 
Shear Deformation 












-0.008 -0.004 0 0.004 
Shear Deformation 









I \0 .... ¥?*'4"' II ':r= ) J J J j -
0 I Ji » -' 
-5 
-15L-~------~--~----~---------------------4 
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 
Shear Deformation 












-0.009 -0.006 -0.003 0 0.003 0.006 
Shear Deformation 






~ 5 . 
'C 
ro 
I 10 I -bJ.l 0\ <•K iiiii iii: ~·7~I 0 _J 
-5 
-15~-----------.-.-------~--------------------~ 
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 
Shear Deformation 








0 "' _J __, 
-5 
-15~------------------~--------------------+ 
-0.006 -0.003 0 0.003 0.006 
Shear Deformation 









"' -, ()) :;d/7 /Jl' I I 0 _J 
-5 
-15 
-0.05 -0.03 -0.01 0.01 0.03 0.05 
Flexural Rotation, rad. 









0 I ---nl 1/ ~ I \0 _J \0 
-10 
-20 
-0.05 -0.03 -0.01 0.01 0.03 0.05 
Flexural Rotation. rad. 










I 0 ~7 0 v ~ J 0 I _j 
-5 
-15~--~--------------~----------------~---4 
-0.04 -0.02 0 0.02 0.04 
Flexural Rotation, rad. 













-0.04 -0.02 0 0.02 0.04 
Flexural Rotation. rad. 















-0.04 -0.02 0 0.02 0.04 
Flexural Rotation. rad. 

















-0.04 -0.02 0 0.02 0.04 
Flexural Rotation, rad. 






~ 5 . 
"0 
((J 
..... I 0 ~ { .... ~r ~ .,- 7 e;.-== I I :;;;;il' 0 _J 
-5 
-15~------------------------~--------------------------4 
-0.04 -0.02 0 0.02 0.04 
Flexural Rotation, rad. 
Flg. 2.ll(g) Load versus Hfngfng Zone Flexural Rotatfon, Beam F-7 
25 
I I I 
~ yield strain 








0 I _J 117~~ -b/ 7f../' }<Ar=--> I .... 0 U'l 
-5 
-15~-------~-----~---------------------------------4 
-0.002 0 0.002 0.004 0.006 0.008 
Strain 













-0.0005 0 0.0005 0.0010 
Strain 








I .... 0 ...... '\'\ \\ !3E~ c 
ro 
I 0 ....J 
-5 
-15 ~----~------4-----~--------------------~ 
-0.0005 0 0.0005 0.0010 
Strain 
Fig. 2.13(b) Typical Load versus Anchorage Zone Strain. Bottom Longitudinal Reinforcement 
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Fig. 2.14(a) Crack Pattern, Beam F-1 
Fig. 2.14(b) Fractured Bottom Reinforcement, Beam F-1 
109 
Fig. 2.15(a} Buckled Bottom Reinforcement. Beam F-2 
Fig. 2.15(b) Distorted Stirrups due to Severe Buckling, Beam F-2 
110 
Fig. 2.15(c) Beam F-2 at Conclusion of Test 
111 
Fig. 2.16(a) Extent of Crushing within Hinging Zone 1n Beam F-3, 
Side 1 
Fig. 2.16(b) Extent of Crushing within Hinging Zone in Beam F-3, 
Side 2 
112 
Fig. 2.16(cl Beam F-3 at Conclusion of Test 
Fig. 2.17 Crack Pattern, Beam F-4 
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Fig. 2.18(a) Crack Pattern, Beam F-5 
Fig. 2.18(b) Hinging Zone of Beam F-5 at End of Eleventh Cycle 
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Fig. 2.19(al Deterioration a1ong Major Cracks within Hinging Zone, 
Beam F-6 
Fig. 2.19(b) Beam F-6 at Conclusion of Test 
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Fig. 2.20 Beam F-7 at Conclusion of Test 
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Elastic Energy, lfz Pyfiy 
Fig. 3.1 Elastic Energy 
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Fig. 3.2 Beam Shear due to Lateral Deformation 
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Overall Best Fit (Eq. 3. 10) 
+ Current Study (Eq. 3. 5) 
A Scribner & Wight (EQ. 3.6) 
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= area of core 
gross area of section 
area of top reinforcing steel 
area of bottom reinforcing steel 
area of shear reinfocement 
width of beam section = bw 
width of concrete core measured to outside of stirrups 
width of rectangular beam or web width of T-beam 
d = effective depth (distance from bottom of beam to centroid 
of top reinforcement) 
d1 = effective depth (distance from top of beam to centroid of 
bottom reinforcement) 
de = depth of concrete core measured to outside of stirrups 
0 = diagonal dimension of region spanned by each set 
of diagonal LVDTs 
Di = energy dissipation index = E/O.SP ~ [1 + (A'/A J2] y y s s 
E = total energy dissipated for cycles in which P >0.75P n- Y 
f' = compressive strength of concrete measured on 6 x 12 inch c 
cylinders 
fr = modulus of rupture from 6 x 6 x 22 inch flexural specimens 
NOTATION (continued) 
fvy = yield strength of shear reinforcement 
fy = yield strength of flexural reinforcement 
h = height of beam cross section 
hh = horizontal dimension of region spanned by diagonal LVDTs 
hv = vertical dimension of region spanned by diagonal LVDTs 
H = height of column-stub 
Iw = work index = ~Pn~n/Py~ 
I~ = modified work index= Iw(l- dc/a)(l + O.OOOSN/Acore) 
1 = span of beam 
L = center to center length between two columns 
L1 = length of column-stub 
M+ = positive moment capacity at a column face 
M- = negative moment capacity at a column face 
N = axial compression 
Pn = maximum beam load in nth cycle of loading 
PY = beam load at yielding of top flexural reinforcement 
P~ = beam load at yielding of bottom flexural reinforcement 
r = correlation coefficient 
s = stirrup spacing 
= 
vm = maximum shear stress = Vm/bwd 
vs = stirrup stress = Vs/bwd 
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NOTATION <continued) 
= factored shear stress = Vu/bwd 
v = shear force due to lateral deformation 
= nominal shear force carried by concrete 
Vn = nominal shear force 
Vm = maximum shear force 
= 
= 
nominal stirrup shear capacity = Avfvy/bs 
factored shear force 
Vy = shear force at yielding of main flexural reinforcement= Py 
W = width of column-stub 
f3 
= coefficient of vs used in regression analysis 
= coefficient of f' used in regression analysis c 
= shear deformation = <Y1+ Y2l/2 
= first component of total shear deformation 
= cJw +ill )2 - hh 2 - hv]/hh 
Y2 = second component of total shear deformation 
= [hv - Jco + il2l2 - hh 2]/hh 
ilb = change in length measured with LVDT #8 
iln = maximum load-point deflection in nth cycle of loading 
ilt = change in length measured with LVDT #7 
ily = load-point deflection at yielding of top flexural 
reinforcement 




Al = change in length of di agona 1 measured with LVDT #3 or #5 
A2 = change in length of diagonal measured with LVDT #4 or #6 
e = beam flexural rotation relative to column-stub= (Ab+ At)/2 
}k = displacement ductility factor 
p = flexural reinforcement ratio 
</> = strength reduction factor = 0.85 for shear 
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APPENDIX 8 
COMPUTATION Qf SHEAR DEFORMAJION ANQ aE8M FLEXURAL ROTATION 
RELATIVE IQ COLUMN-Sllla 
8.1 Computation Qf~ Deformation 
The shear deformation, Y, was computed using a model 
developed by Ehsani and Wight (11). The total shear deformation 
consists of two components, Y1 and Y2 (fig. 8.1), given by 
and 
y = [h - vio + t. >2 - h2hJ/hh 2 v 2 
in which Y1 = first component of total shear deformation 
Y2 = second component of total shear deformation 
0 = diagonal dimension of region spanned by each 
set of diagonal LVDTs 
(8.1) 
( 8.2) 
hh = horizontal dimension of region spanned by diagonal 
LVDTs = 15 in. 
h = vertical dimension of region spanned by diagonal v 
LVDTs = 12 in. 
t.1 = change in length of diagonal measured with 
L VDT 113 or #5 
t.
2 
= change in length of diagonal measured with 
LVDT #4 or #6 
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The shear deformation, y, was then computed as follows:. 
(8.3) 
8.2 Computation Qf ~ Flexural Rotation Relative tQ Column-~ 
The flexural rotation of the beam relative to the 
column-stub, 9, was computed as follows: 
in which ~b = change in length measured with LVDT #8 





Fig. B.l Shear Deformation Measurement 
I 
hv 
Fig. B.2 Relative Flexural Rotation Measurement 
